LIBRARY

TECHNICAL REPORT SECTION
NAVAL POSTGRADUATE SC};lOOL
MONTEREY, CALIFORNIA 93940

PAPER P-731

DESCRIPTION AND CRITIQUE OF QUANTITATIVE
METHODS FOR THE ALLOCATION OF EXPLORATORY
DEVELOPMENT RESOURCES

C. L. Trozzo

May 1972

AD753817

DISTRBUTION S’I‘*I’JI“N-I'}}_-‘{
-—.ipproved for public releuse;
\ Distributicn Un:xﬁn_‘riﬂ

b

INSTITUTE FOR DEFENSE ANALYSES
SCIENCE AND TECHNOLOGY DIVISION

BN

IDA Lo%No. HQ 72-13903
of 80 copies

Copy




The work reported in this document was conducted under contract
DAHCI5 67 CO0011 for the Department of Defense. The publication
of this IDA Paper does not indicate endorsement by the Department
of Defense, nor should the contents be construed as reflecting the
official position of that agency.

I Approved for public release; distribution unlimited.

Published December 1972




PAPER P-731

DESCRIPTION AND CRITIQUE OF QUANTITATIVE
METHODS FOR THE ALLOCATION OF EXPLORATORY
DEVELOPMENT RESOURCES

C. L. Trozzo

May 1972

P
I1DA

INSTITUTE FOR DEFENSE ANALYSES
SCIENCE AND TECHNOLOGY DIVISION
400 Army-Navy Drive, Arlington, Virginia 22202

Contract DAHCI15 67 C 0011
Task T-75




UNCLASSIFIED

Secmitr Claasification

DOCUMENT CONTROL DATA-R&D

Securi
( urity claseilication of title, body ol ebatract and indezing annotetion muet be entered whan the avereli repor! ia cleasiliad)

' ORIGINATING ACTIVITY (Corporate author)

INSTITUTE FOR DEFENSE ANALYSES 20. REPORT IECUHI.YV ?LAS!IFICATION
400 Army-Navy Drive unclassified

Arlington, Virginia 22202 e

3 REPORY TITLE

Descrip?ion and Critique of Quantitative Methods for the
Allocation of Exploratory Development Resources

»

OESCRIPTIVE NOTES (Type of report and inclusive dates)

Paper P-731, May 1972

S AUTHORIS! (Firat name, middle initiet, iaet neme)

Charles L. Trozzo

& MEPOAT OATE 78. TOTAL NO. OF PAGES 7b. NO. OF REFS
May 1972 180 22
8a. CONTRACY OR GRANT NO.

88. ORIGINATOR'S REPORT NUMBER(S)

DAHC1S5 67 C 0011

b. PROJECT NO. pP-731

Task T=-75

c. . 'c'!"Y.N::ol'llfﬂeﬂr NOIS) ({Any other numbers the! mey be essigned
a None

10 DISTRIBUTION STATEMENT

Approved for public release; distribution unlimited.

1y SUPPLEMENTARY NOTES 12. SPONSORING MILITARY ACTIVITY

Defense Advanced Research
NA Projects Agency
Arlington, Virginia 22209

13 ABSTRACT

This paper analyzes ten methods that have been used or proposed for planning the allo-
cation of resources among projects within the Exploratory Development category of the Defense
Research, Development, Test, and Evaluation Program. Each method is described in terms of a
general framework of planning methods and of the factors that influence the allocation of de-
velopment resources. A comparative analysis is made of the relative strengths and weaknesses
of these methods. *

The methods generally fall into two groups. Those in the more quantitative group try to
express all important factors numerically, derive a single numerical measure of merit for pro-
posed projects, and calculate precisely an optimum allocation of resources among the projects.
Those methods in the less quantitative group do not try to measure numerically some important
factors and leave the derivation of the allocation of resources among the various projects to
the judgment of the responsible decision maker,

The more quantitative methods are uniformly more complex and difficult to apply. Such
methods also generally fail to treat all of the important factors in the allocation problem
accurately and adequately. For example, the risks involved in planning the technical, timing,
and cost results of individual and groups of efforts are virtually ignored. Also, individual
projects are treated as though they are quite independent of each other. Consequently, none
of these methods can be recommended for use in their current form,

The less quantitative methods are primarily frameworks for recording and transmitting
information that is important to the formulation of the development program. Because they
do not attempt to devise a single optimum allocation of development resources, they are less
likely to mislead program management than the more quantitative methods. Consequently, man-
agers may find some one of these to be a convenient framework for organizing the information
that they want readily available for deciding the allocation of development resources.

5D 1473 UNCLASSIFIED

Secun.y Claasification




UNCLASSIFIED

Security Classification

KEY WOROS

LINK A

LINK B

LINK

[

ROLE

wTY

ROLE

ROLE

wT

Exploratory Development
Advanced Development
Engineering Development
TORQUE

Industrial Analog
General Model

Materiel Concept-

Resources Allocation Methods

UNCLASSIFIED

Security Classification




ACKNOWLEDGMENT

Several people provided useful information for this study and
constructively reviewed its organization and content. Dr. V.J.
Berinati both supplied supporting materials from his interviews of
personnel at various laboratories and reviewed the paper in its var-
ious drafts. Other colleagues contributed comments that were helpful
for clarifying the organization and text of the descriptions and
critical reviews. These included Drs. Rolf Piekarz, Jesse Orlansky,
and W, Scott Payne. However, none of these colleagues can be held

responsible for any shortcomings in which I may have persisted.

iii







ABSTRACT

This paper analyzes ten methods that have been used or proposed
for planning the allocation of resources among projects within the
Exploratory Development category of the Defense Research, Development,
Test, and Evaluation Program. Each method is described in terms of
a general framework of planning methods and of the factors that in-
fluence the allocation of development resources. A comparative analysis

is made of the relative strengths and weaknesses of these methods.

The methods generally fall into two groups. Those in the more
quantitative group try to express all important factors numerically,
derive a single numerical measure of merit for proposed projects, and
calculate precisely an optimum allocation of resources among the proj-
ects. Those methods in the less qﬁantitative group do not try to
measure numerically some important factors and leave the derivation of
the allocation of resources among the various projects to the judgment

of the responsible decision maker.

The more quantitative methods are uniformly more complex and dif -
ficult to apply. Such methods also generally fail to treat all of the
important factors in the allocation problem accurately and adequately.
For example, the risks involved in planning the technical, timing, and
cost results of individual and groups of efforts are virtually ignored.
Also, individual projects are treated as though they are quite inde-
pendent of each other. Consequently, none of these methods can be

recommended for use in their current form,

The less quantitative methods are primarily frameworks for re-
cording and transmitting information that is important to the formu-
lation of the development program. Because they do not attempt to
devise a single optimum allocation of development resources, they are
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less likely to mislead program management than the more quantitative
methods. Consequently, managers may find some one of these to be a

convenient framework for organizing the information that they want

readily available for deciding the allocation of development resources.
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I. INTRODUCTION, SUMMARY AND CONCLUSIONS

A, PURPOSE

The purpose of this Paper is to examine in detail the critical
features of ten quantitative methods that may be used to allocate
resources within the Exploratory Development category of the DoD
Research, Development, Test, and Evaluation Program, It supports
IDA Paper P-652, "Quantitative Methods for the Allocation of DoD
Exploratory Development Resources™ (Ref. 1). The ten quantitative

methods examined are listed below:

1. Industrial Analog

2. TORQUE

3. Naval Ordnance Laboratory Method

4, Air Force Flight Dynamics Laboratory Method
5. Cornell Aeronautics Laboratory Method

6. Hercules Corporation Method

7. Army Missiles Plan

8. Air Force Directorate of Laboratories Plan
9. Army Research Plan
10. Another Service Method

No effort is made to review all the literature of the field in
this paper; extensive bibliographies have been compiled by Baker and
Pound (Ref. 2), and Cetron, Martino, and Roepke (Ref. 3).

B. PROCEDURE

To carry out the review, a general frame of reference is de-
veloped in the next chapter. This provides a convenient structure

for comparing the various features of the quantitative methods. In




Chapter III, each method is described within this framework in order
to make the similarities and differences of the various methods more
evident. In Chapter IV, the methods are analyzed together according
to each element of the general framework to highlight their relative

strengths and weaknesses.,

This analysis uses, in part, information that was developed from
a number of visits to Government and industry laboratories and from
interviews of professionals and managers engaged in this type of de-
velopmental work.

C. SUMMARY DESCRIPTION OF METHODS

Table 1 summarizes the structures and main features of the ten
methods that are reviewed in this study. Each is described according
to how it deals with such factors as value measures, operational re-
quirements, technologies, costs, and risks.,

D. CONCLUSIONS

The ten methods fall into two groups: a more quantitative group
and a less quantitative group. The more quantitative methods (In-
dustrial Analog, TORQUE, Naval Ordnance Laboratory, Flight Dynamics
Laboratory, Cornell Aeronautical Laboratory, Hercules, and Another
Service) structure the allocation problem and express its factors al-
most exclusively in mathematical terms. They generally devise a single
numerical measure of merit for each proposed development project and
use this measure of merit in formal calculations of the precise allo-

cation of resources that should be made to each project.

The less quantitative methods (Army Missile Plan, Air Force Direc-
torate of Laboratories Plan, and Army Research Plan) do not try: to
express mathematically some important factors in the allocation problem.
They place much greater reliance upon managerial judgment to take
such factors into account. These methods recommend an allocation of
resources among proposed development efforts but without the numerical
precision of the more quantitative methods and without contending that
the recommendation is the single, most desirable allocation,
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The conclusions are arranged according to whether they apply

primarily to one of these groups or whether they apply to the methods
in- general.

1. More Quantitative Methods

Most of the more quantitative methods treat individual develop-
ment efforts, weapon systems, and operational requirements as though
their completion is independent of other efforts, systems, and re-
quirements, respectively. This independence has not been demonstrated
and probably does not hold in many significant cases.

The procedure used in these methods to impute military value to
development efforts, weapon systems, and operational requirements re-
quires that the efforts, systems, and requirements be independent of
each other. To the extent that the independence does not hold, the
values assigned to these factors may be highly inaccurate.

The linkage of the technological efforts to weapon systems and
operational requirements is formulated in many of these methods in
such a way that the technological efforts can determine the emphasis
that will be placed on the development of various weapon systems and
on the fulfillment of the various operational requirements. This re-
verses the procedural order by which the development program should
be derived.

These methods are not specific about the scope of the resources
that should be taken into account in the allocation problem. For
example, they give no guidance on the treatment of such costs as the
rents that should be imputed. to the use of Government-owned real es-
tate and the payments for resources that are financed from appropria-
tions other than the Research, Development, Test, and Evaluation
appropriation. The methods also do not propose how to treat the time

distribution of funding requirements in the allocation problem.

These methods do not formulate adequately a framework for con-
sidering how actual technical, cost, and timing outcomes of a develop-
ment program may jointly deviate from the point estimates made of these
factors at the time the allocation decision is reached.
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The workings of these methods are probably comprehensible to
few of the participants in the allocation process outside the special-
ists who formulate the methods because of the complexity of (1) the
formal decision algorithms and (2) the treatment given such factors
as risk and the relationships among technologies in the composition

of a weapon system,

2. Less Quantitative Methods

The less quantitative methods attempt primarily (1) to record
information on some relevant considerations that must be made to
determine the allocation of the development budget and (2) to trans-
mit this information visibly to all levels of management.

These methods generally have more narrowly defined objectives
than the more quantitative methods, focusing tightly on deriving a
program of technological advances that would support a very specific
set of projected weapon systems. Consequently, the chosen develop-
ment projects should be both consistent with each other and with the

development of some set of weapons.

Being tightly focused, these methods are not likely to consider
a set of development efforts as broad as that brought to the surface

in the more quantitative methods.

These methods rely heavily upon top management's judgment to
consider, without guidance, factors such as (1) the technical, timing,
and cost risks involved in a development effort and (2) the importance
to a weapon system of a technological advance produced by a development
effort. This leaves implicit much of the rationale for the final al-
location so that it is difficult to review the rationale and to impose
the allocation as an objective standard on other management and pro-

fessional personnel for implementation.

These less quantitative methods may not choose the development
projects best supporting higher order Defense goals because of the
limited number of options they consider and the lack of precision in
their treatment of important factors.
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3. Both Groups of Methods

All of the method reviewed analyze the allocation of develop-
ment resources that should be made in some future period. None analyze
past resource allocations and project outcomes to develop a data base
for applications of the method.

None of the methods measure the dispersion of estimates that
might be made by a number of technologists and managers for projected
factors such as costs, timing, technical advance, the importance of

a technical advance, and the importance of a weapon system,

None of the methods make provision for tests of internal con-
sistency. No tests appear to have been performed or proposed to show
the differences in allocations that might result (1) from the appli-
cation of the method by various decision groups to the same conditions
or (2) from the application of the method by the same group to the

same conditions at various times,.

None of the methods have proposed a measure and procedure to
test (1) how closely the resource allocation it proposes is actually
implemented and (2) if its prescribed allocations are followed, how
much better its development programs are relative to (a) programs
prescribed by other methods or (b) programs devised without any
formal allocation method.

E. RECOMMENDATIONS

Because of the shortcomings listed above, none of the more quan-
titative methods should be applied, in their current formulatidns, to
determining the allocation of resources within Defense Exploratory
Development.

Development of more quantitative methods for allocating resources
within Exploratory Development should continue, however, because their
rigorous structure should provide (1) a useful frame of reference for
organizing information and regular liaison among systems specialists,
technologists, and research managers and (2) a systematic procedure
for searching out a development program that will best fulfill Defense

goals.




An investigation should be made of the delegation of
goals by large, diversified companies to their research
organizations for resemblances to the decentralized

Defense Research and Development problem,

More intensive study should be given to adapting to

more quantitative methods the objective of funding tech-
nologies to support the set of future weapon systems
that would maximize possible cost savings in performance
of a fixed mission. The HINDSIGHT (Ref, 4) study of the
cost savings generated by the C-141 and the AN/SPS-48
would provide a useful starting point for this work.

Continuing study will be necessary to improve the quan-
titative expressions for (1) such important factors as
cost, timing, technical advance, and weapon performance;
(2) possiﬁle variances between predicted and actual
values for these factors; and (3) the relationships of
the technological components of a system and its per-
formance.

While more quantitative methods are being developed , R&D managers

should consider adopting the framework of a less quantitative method

for organizing the information they should have readily available to

determine the allocation of development resources.

If a less quantitative method such as those reviewed is adopted

as an interim procedure, steps should be taken to incorporate into

them more explicit and precise expressions for (1) the technical,

timing, and cost risks in a development effort; (2) the relationship

of a technical advance to a projected weapon system; and (3) the re-
lationship of the various weapons to the fulfillment of the various

operational requirements., Improvements must also be made in the cost

concepts that should be used in the allocation procedure.

To demonstrate the reliability and benefits of any method for

allocating development resources, further work on these methods should

include the devising of measures for three kinds of tests:
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The dispersion of estimates by a number of technologists
and managers of the expected values for important factors
within the prospective development program such as timing,
costs, technological advance, and operational requirement
importance;

The differences in the allocations that could result

from (1) the application of the same method by a constant
group of decision makers to the same conditions at differ-
ent times, (2) the application of various methods by a
constant group of decision makers to the same conditions,
and (3) the application of the same method by various

groups of decision makers to the same conditions;

The extent to which the development program generated
by a method is better than the program generated by any

other method or by informal decision rules.

To facilitate the completion of such tests and the compilation of

data that would be useful in the applications of the methods, further

work should also include provision for continuous collection of in-

formation on actual resource expenditures, timing, technological ad-

vance, and applications of results of development efforts, in the

same organizational units and formats as those used in the allocation

method.







II. GENERAL MODEL

A, NEED FOR GENERAL MODEL

Initial study of the ten methods for allocating development re-
sources gives a strong impression of diversity among them, Wide dif-
ferences exist in their structure, in the general approaches they take

to the allocation problem, and in the factors they take into account,

Review of these quantitative methods, therefore, requires a con-
ceptually convenient, common framework of reference for organizing the
basic features of the various methods. For present purposes, this
framework is called a General Model. Such a General Model has at
least two advantages: first, it helps resolve the differences in ex-
position among the various methods into parallel components; second,

it lends a similar perspective to a review of the several methods.

In turn, use of the General Model helps to focus attention on
a number of relevant questions about quantitative methods. For ex-
ample: What does the method attempt to accomplish? Is that beneficial
or useful? What factors does the method take into account? How does
the method proceed to accomplish its objective? Are the procedural
steps valid? Are the factors considered correctly? Is the resulting

allocation consistent with the objective of the method?

B. STRUCTURE OF THE GENERAL MODEL.

There is no unique General Model into which the features of quan-
titative methods for allocating resources must or should be organized.
A quantitative method may be broken down in different ways, depending
upon the purpose of the analysis. The particular General Model that
is reported below and illustrated in Fig. 1 has been useful for both
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general and technical analyses of the methods chosen for review in

this paper.

PRIMARY OBJECTIVE
(devise an exploratory development
program that will. . .)

I
¥

CONTROL VARIABLES

(management's levers)

FACTORS & THEIR RELATIONSHIPS

VALUE MEASURES
( Contribution of program results)

OPERATIONAL REQUIREMENTS
(Major jobs of services)
WEAPON SYSTEMS
(Instrumznts for doing jobs )
TECHNOLOGIES
( System composition)
DEVELOPMENT TASKS
(Technical work)

COSTS
( Resources consumed )

TIMING

(Time-phase resources and results)

RISK
( Probability of success)

(rules for choosing

DECISION ALGORITHM I

work to be done )

PROGRAM

FIGURE 1. General Model

1. Primary Objective of the Method

h

CONSTRAINTS
(limits on possible
program options)

All of the quantitative methods that were reviewed are directed

at allocating development resources or choosing development programs;

howevef, the different methods do frequently diverge in what they

conceive the development program should accomplish.

The purpose of

the development program determined by the quantitative allocation

method is treated in this paper as the primary objective of the

method.
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Development programs may have more than one objective, or hier-
archies of primary and secondary objectives. Although the possibility
of such hierarchies has been considered throughout the reviews, most
cases can be resolved into a structure with a dominant objective,

subject in some cases to secondary objectives.

2. Control Variables

Inasmuch as a quantitative method for allocating development
resources is a tool for helping management at some level dévise a
development program, it must contain a concept of the factors over
which management wants to exercise the power of decision. These
factors are termed the control variables in the General Model. Manage-
ment determines the magnitudes or go/no-go conditions for the control
variables. Of course, other factors may be consciously affected by
the choices made for the control variables but, for the purposes of
examining the quantitative methods, this influence is regarded as an
indirect one.

Distinguishing the control and other variables in a quantitative
method is relatively important for review purposes because it must
treat consistently what management controls, determines indirectly,

and accepts as given.

3. Factors and Their Relationships

The factors incorporated into a quantitative method are the
elements that the formulator of the method judges to have important
"effects upon the real development process and, therefore, should
influence the allocation procedure of the method. Functional relation-
ships among the factors are the formulator's mathematical or other
representations of how factors influence one another, how control
variables (a special class of factors) influence or are influenced by
other factors, and how all the factors affect the measure of the

primary objective of the development program.

Taken together, the factors and their relationships can be con-

sidered to be the quantitative method's characterization of the
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development process, describing the range of development work and
allocations that are feasible within the terms of the method. The
quality of the characterization directly affects the quality of the
allocation that will be made by the method, inaccuracies in it possibly
resulting in impossible or unbeneficial allocation schemes.

Specific factors that are taken into account can generally be com-
bined according to the broader classes of features and activities in
the development process that are described below.

da. Value Measures. Quantitative methods generally assign to the

technological developments that are expected from a particular alloca-
tion of resources some overall measure of value for the agency under-
taking the development program. These measures usudlly depict the
extent to which the technological developments contribute to the
achievement of the primary objective of the program.

The factors included within this class are those most directly
related to the definition and determination of the value of the devel-
opment program. For commercial enterprises, these factors would in-
clude features of the company's sales programs and markets that would
determine the company's revenues or profits. Various value measures
are frequently devised for Defense and other programs for which no
market transactions occur.

b. Operational Requirements. The factors that are classified

as operational requirements are those that specify the various missions
that the Defense Department is charged with fulfilling and the general
hunan and equipment capabilities that would contribute to those

missions.

c. Weapon Systems. Weapon system factors are those that are

related to the description of the operating and performance character-
istics contained in the design of specific combinations of military

equipment and personnel.

d. Technologies. For the purpose of the general model, tech-

nologies are the pools of skills and techniques that combine theoretical
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and practical information to devise processes and equipment for carry-
ing out some operation. The related factors are those that set out
the skills, techniques, and information that would be improved in the

execution of the development program.

e. Development Tasks. The factors classified as part of the

development tasks are those that are concerned with specifying the
alternative combinations of manpower and equipment and the alterna-
tive approach strategies that might be employed to improve the skills,
techniques, and information composing a technology.

f. Costs. Cost factors are those that specify and accumulate
the real or implied payments that the development agency must make

for the resources it employs in the implementation of its program.

g. Timing. Timing factors include those that determine the
calendar time that will elapse with the progress of the development
program. These factors are generally related to many of the factors
already listed. However, to prevent much apparent repetition in the
descriptions and analyses of the various quantitative methods, the

methods of including timing considerations are reviewed together.

h. Risk. Risk factors are those that describe and take into
account how the actﬁal outcome of part of a development program may
diverge in some aspect from what is expected at the outset of the
program. As is the case with timing factors, risk factors are related
to a number of the factors already listed above, but they may be treated

as a group for expository purposes.

4, Constraints

In the organization of a quantitative method, constraints are
the considerations, described literally or mathematically, that are
basically external to the immediate development process of concern
but must be taken into account in the formulation of the development
program. Some considerations can be beyond the authority of the
management of the development program but nonetheless crucial to its

allocation of development resources. For example, the level of
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management at which the final allocation of resources is made among
tasks may have some influence on the total budget it will receive, but
by and large the budget is decided at a higher executive or legislative

level. Consequently, that management must accept the fuﬁding avail-

able as a constraint on its program formulation.

5. Decision Algorithm

Within a quantitative method, the decision algorithm is the
formal procedure that is applied to the allocation problem, as it is
formulated in the components of the General Model described above,
to choose the specific allocation that should be implemented.




III. DESCRIPTIONS OF QUANTITATIVE METHODS

In this chapter, each of the quantitative methods finally chosen
for review in this study is described within the framework of the

General Model developed in the previous chapter.

A. INDUSTRIAL ANALOG

Under contract to ARPA, Research Analysis Corporation performed
work during 1969 to devise a quantitative method for planning resource
allocation in the Defense Research and Exploratory Development Program
categories (Refs. 5, 6). The proposed method, titled "The Industrial
Analog," was not directed at the valuation or consideration of indi-
vidual projects or specific tasks. Instead, it was aimed at aiding
decision making at a more aggregative level, proposing to determine
total expenditures on research and exploratory development by first
determining the allocation of funds to a set of component scientific
and engineering "technical categories." Statistical correlations were
to be used in Industrial Analog to establish the funding of each

"technical category."

1. Primary Objective of the Method

The principal objective of the Industrial Analog method is to
determine the level of funding for the major technology fields within
the DoD 6.1 and 6.2 program categories (Research and Exploratory
Development) in such a way that the allocation of those development
resources is similar to the pattern of expenditures made on basic and

applied research by American industry.

The general guideline followed in the formulation of the method
is that the Defense Department might well try in some way to imitate

17

|




American industry in determining the effort it should expend upon
developing various technologies.

The rationale for DoD's imitating American industry rests mainly
on fhé proposition that the commercial success generated by industry's
RED funding behavior might be translatable into national security
success if DoD were to behave similarly.

American industry as a whole has gained promi-
nence in international markets for many of its
products, and selected companies have gained and
maintained competitive advantages over other members
within their industrial group.... A selected
industry-by-industry analysis of the proportion of
company sales reinvested in basic and applied
research was performed for the purpose of deter-
mining the existence of desirable analogs or guide-
lines for allocating the DoD resources (Ref. 6,

p. 4).

2. Control Variables

In the Industrial Analog method, the principal variable controlled
by the decision maker is the amount of funds to be allocated to a par-
ticular major scientific or engineering technical category. For these
purposes, the 6.1 and 6.2 program work is grouped into nine such
technical fields: (1) aircraft, (2) missiles, (3) combat vehicles,

(4) combat vessels, (5) surveillance, intelligence and target acquisi-
tion, (6) data processing, (7) communications, (8) ordnance--nuclear

and conventional, and (9) other.

3. Factors and Their Relationships

Because the Industrial Analog method is also concerned with the
behavior of American industry in allocating development resources,
all the factors it takes into account do not fit directly into the
Defense terminology used in the general model. However, Defense
counterparts exist for many of the concepts and measures that charac-
terize American industry and these parallels are utilized for organiz-
ing the features of the method.

a.' Value Measures., In the Industrial Analog method, no attempt
was made to try to calculate the value that the respective Research
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and Exploratory Development efforts might have for the overall well-
being of either industry or Defense.

b. Operational Requirements. As traditionally conceived, broad
mission statements are not used for either industry or Defense in the
Industrial Analog method but parallel concepts are used for classifi-
cation purposes. For the Defense Department, weapon system or sub-
system categories serve this function. These categories have already
been listed under Section II-B-2 as the technical fields to which
development funds are allocated.

Industry groupings used in the method can be considered as
the commercial counterparts to Defense missions. The groupings
selected for study were (Ref. 5, p. 5):

Chemical and allied products

Petroleum refining and extraction
Aircraft and missiles

Electrical equipment and communications
Motor vehicles and other transportation
Machinery

Professional and scientific instruments
Rubber products

Primary metals

Fabricated metal products

c. Weapon Systems. Specific weapon systems that had actually

been deployed by the various Services and specific products that had
been marketed by the companies in the industry groupings were listed

and were to be taken into account in the analysis.

At the same time, the analysis was to incorporate considera-
tion of total expenditures of DoD and the net sales of each industry
grouping. These might be taken to be some measure of the quantity
of the systems or products. However, it should be emphasized that
total DoD expenditures and net industry sales have a broader scope
and a different timeframe than the weapons and the commercial products

of interest in the method.
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d. Technologies. As defined in the general model, the specific
technology content of the Defense weapon systems, commercial products,
or the development programs of either Defense or industry is not
described in the Industrial Analog method. However, SOméWhat relatedly,
the method is concerned with the lifetimes of both military weapon
systems and commercial products. In addition, the method proposes
that the lifetimes of the systems and products should be related to
their technical complexities through some functional representation.

At the stage to which the study was carried, technical complexity was
not defined.

e. Development Tasks. Being focused at a level somewhat above
the planning of an individual project, the Industrial Analog method
does not trace or specify the tasks that could be taken in the develop-
ment programs of the various technical fields.

f. Costs. The costs taken into account in the Industrial Analog
method are similarly aggregative.

For industry, the annual company-funded expenditures on R&D
by each industry group are the principal measures of the R&D costs
incurred. Using historical, time series data, the method proposed to
relate the expenditures to annual net industry sales and these, in

turn, to the corresponding commercial product complexities and lifetimes.

For DoD, expenditures on RED at three levels are taken into
account: first, DoD expenditures on each technical field in the 6.1
and 6.2 program categories; second, total DoD expenditures on the 6.1
and 6.2 program categories; and third, total DoD expenditures on RDTE&E.
A set of relationships of these measures was also proposed for analysis.
Time series data covering annual DoD expenditures on each technical
field in the 6.1 and 6.2 program categories were to be related,
respectively, to corresponding total DoD expenditures, total DoD
expenditures on the 6.1 and 6.2 program categories, and total DoD
expenditures on RDT&E.
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g. Timing. The Industrial Analog method does not attempt to
explain, as such, the calendar time that has or must elapse in the

pursuit of industrial and Defense development programs.

h. Risk. The Industrial Analog method does not treat explicitly
for either industry or the DoD the possible divergence of the actual
results of a development program from the results that were expected
at the outset of the program.

4, Constraints

No limitations on the allocations to the different technical
fields arising from considerations external to the development process
have been included in the formulation of the Industrial Analog method.

5. Decision Algorithm

No formal decision algorithm has been devised for calculating the
allocation of 6.1 and 6.2 funds to the different technical fields.
Derivation of the procedure for determining the distribution of funds,
using the statistical relationships described above and additional
information such as DoD weapon system lifetimes and complexities, is
listed as one part of the research that is still required to complete

the project.

In the work reported, some evidence is given of the general
criteria that are intended to be incorporated into the procedure.

The objectives of the study are to (1) determine
the proportion of sales invested by selected segments
of U.S. industry in basic and applied research to
maintain competitive products, and (2) derive criteria
and a planning analog for making analytical compari-
sons between 6.1 (research) and 6.2 (exploratory
development) defense expenditures and comparable
U.S. industry expenditures. (Ref. 6, p. 5)

Among the remaining research required to develop the desired analog:
Develop an industrial analog to defense research

expenditures based on product competitive lifetime
and complexity. (Ref. 6, p. 22)
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B. TORQUE

In 1967 (Ref. 7), the Director of Defense Research and Engineering
established an inter-Service ad hoc committee to investigate (1)
methods for demonstrating the connections of current work in the
Exploratory Development program category (6.2) to future Defense
objectives and (2) approaches to attaining a balanced allocation of
funds within the Exploratory Development program. In response to
its charter, the committee formulated a quantitative technique to
determine the distribution of the Exploratory Development budget.

This technique is titled TORQUE, for Technology or Research Quanti-
tative Utility Evaluation (Ref. 8).

Ih part because of common authors, TORQUE closely resembles
a set of other quantitative analytical or allocation techniques includ-
ing BRAILLE (Ref. 9), QUEST (Ref. 10), and MACRO R&D (Ref. 11).

In contrast to the aggregative allocations determined by a method
such as the Industrial Analog, TORQUE focuses on determining the
allocation of funds to individual project tasks. To do this, the
formulation of the method includes several intricate relationships
among a large number of factors that are used to characterize the
weapon system development and utilization process. These relation-
ships, in turn, are transformed into a set of mathematical expressions
that are used in a formal computer program designed to optimize the
allocation of funds.

TORQUE has been given quite serious consideration. Using the
Air Force Flight Dynamics Laboratory as a test case in a simulated
annual program development exercise, an attempt was made to assess
the problems that might arise with its application to actual budget
allocation questions.

1. Primary Objective of the Method

The primary objective of the TORQUE method is to choose the
combination of development tasks and work units that maximizes the
"military utility" derived from the weapon systems that result and
the future military missions that will be served by these systems.
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2. Control Variables

The principal control variables in TORQUE are the dollar expendi-
tures that are to be made in the next year on project tasks or work
units directed at a particular technology objective. Iﬁ determining
that allocation, a second-order control is established over the weapon
systems that will be developed ultimately and the particular technical
route of development that will be followed for each.

3. Factors and Their Relationships

The formulators of TORQUE have taken into account a large number
of factors and introduced them into a rather extensive structure of
relationships. These can be represented in a tabular form such as
that shown in Table 2.

TABLE 2. TORQUE

0co svsten Systems Technical Objective, k=1 | Technical Objective, k=2
0co Weight ysi. & 10C Systems Systems
i Wy J cy A B D B C D
1 1
X 100 A 81-'82 cijk
B '82-183 0.3 1.0
(o] '81-'83 0.5
y 90 B . 0.7
D 5 1.0 0.3
E
: uf = EX W,.C.. Ru t
k7YY 13TiKOTR Tk
R - il
Fk ~ TF
y yk
Technical Objective Earliest '76 '77 '76
Need Dates
Latest 177 '78 '77
Budget for Technical CY 1971 F . F
Objective yik 1Bl
1972 | F F
(To meet latest 281 2B1
need date) 1973 Py\l P3B1
1974
TOTAL
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a. Value Measure. A special concept of "military utility"
has been devised in the formulation of TORQUE to measure the value
of different allocations of development resources. This concept is

applied, with some variations, to the technological, financial, and
time factors characterizing the different development projects and
the missions and weapons to which the projects contribute. The
component values are, in turn, transformed into a single measure to
depict overall military usefulness.

In the derivation of the measure, each factor is evaluated
in its special context by a group of experts that applies its collec-
tive judgment to assigning the factor a number that reflects quanti-
tatively the criteria of the evaluation. The factors, the criteria
of evaluation, the techniques of number assignment, and the integration
of all these elements into the single measure of value are discussed
in detail in the following sections.

b. Operational Requirements. One of the first inputs needed
for the implementation of TORQUE is the definition of a set of
Operational Capability Objectives (0OCOs) by the top levels of manage-
ment within each military Service, by the Joint Chiefs of Staff, or

by the Office of the Secretary of Defense. Each OCO is a major
mission that the Defense Department may be expected to carry out.

It should be a rather broad or general operational function that

the Defense Department would perform in support of U.S. national
security goals over a long period of time, independent of any specific
equipment that might be used to fulfill it. These missions are
represented by the x, y titles in the column of Table 2 labeled

Tloco R 1"

Once the 0COs are defined, the same or similarly high-
ranking officials must assign to each a numerical weight that corre-
sponds to its relative importance among the Defense missions. These
weights are the W;'s of the "utility function" illustrated in the
column of Table 2 labeled "OCO Weight." They reflect the value
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schemes of the officials who must determine them in the light of

their conceptions of the national security goals.

To ensure the internal consistency of the OCO weights,
thelTORQUE manuals describe and recommend application of the Churchman-
Ackoff value measurement technique (Ref. 12, pp. 87-91). This tech-
nique was devised as a means of assigning approximate measures of
value to various events. In order that the value of each event can
be assigned by this technique the events must be independent. That
is, the events can occur separately or in any combination, and if
they do occur in a combination the value that would be attributed
to the combination is the sum of the values assigned to each event

as though it were to occur by itself.

c. Weapon Systems. In the TORQUE procedure, once the OCOs are

defined, an inter-disciplinary team (I.D. team), composed of users,
technologists, and systems analysts, devises alternative weapon
systems or equipment-tactic concepts for carrying out the missions.
As illustrated in Table 2, by System B, some of the systems may well
be used in more than one mission. An example would be an aircraft

that could be used in both strategic bombing and tactical interdiction.

The precise procedures that the I.D. team should follow
are not spelled out in the manuals. The interaction of the personnel
on the team determines the nature of its deliberations, the types of
systems it will propose, the number of systems it will eventually
incorporate into the TORQUE calculations for each 0OCO, and the
criteria it will use to set the types and number.

d. Technologies. Using intelligence estimates and other

information from long-range plans, the I.D. team makes a very rough
design of each candidate weapon system serving the various OCOs.
. From these designs, the team further establishes the technology
requirements of the systems. For example, the team may make a rough
design of a long-haul airlift aircraft and then derive specific
technology objectives for the propulsion system, the navigation
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system, and the landing gear, as well as for several other technol-
ogies, in fairly specific quantitative terms.

The team also must evaluate the "criticality" of each
teéhnology objective to the weapon systems. Definitions of the levels
‘of "eriticality" and the numerical values assigned to the factors
representing these levels are given in Table 3. In Table 2, the
"eriticality" values are entered in the cell at the intersection of
the system row in each OCO block with the column for the same system
under the technology objective heading. For example, Technology
Objective 1 has a "criticality" of 0.3 in Weapon System B when it is
employed in OCO x but 0.7 when it is employed in OCO y. For a type
of aircraft that might be used in strategic and tactical missions,
Technology Objective 1 might be thought to apply to a component that
affects low-altitude maneuverability. On the other hand, Technology
Objective 2 might be related to the operation of an extremely accurate
navigational system.

e. Development Tasks. A technology team composed of scientific

and engineering personnel determines whether some of the technology

objectives supporting the various weapon systems are sufficiently

alike to be treated as a single technology objective (such as Tech-
nology Objective 1 in Table 2 being common to systems A, B, and D).
This team also determines whether a group of technology objectives
may fit into a single development sequence within which the accom-
plishment of some may be necessary for developing others.

f. Costs. Once the technology team has sorted out the technology
objectives from the various weapon systems, it proceeds to estimate
the time-phased funding that will be required for the development of
each objective. The timing features that are considered in these

estimates are described more fully in the following paragraphs.

g. Timing. Given the development of the threat, current system
capabilities and current procurement and phase-out plans, the I.D.
team must estimate the earliest date by which a new system might be
introduced into the force and the latest date by which it could be
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TABLE 3. CRITICALITY OF A TECHNOLOGY OBJECTIVE
TO A WEAPON-SYSTEM/OCO COMBINATION

(The‘assumption is that the objective of the technical effort will be
accomplished.)

Absolutely Essential

Failure to have this technology will absolutely prevent
the attainment of the capability desired..cceeeccecceccececceceealsl

Major Contribution

Failure to acquire this technology will result in a

significant decrease in one or more of the major

performance parameters needed to attain the capability

desired. Such degradation probably would not prevent

a favorable decision for development of equipment for

the INVENtOrY.eescescssesccossscossososassossasasecssosassssssesasled

Cost Reduction

Success in achieving this technology will provide a
major reduction in the cost of achieving the capability

desiredocﬂcccuoo.0.cc.co.co.o.ooocoo-oc..acocaoococo.OCOOOOOOOOCOOOS

- Substantial Contribution

Failure to achieve this technology will result in the

loss of a highly desirable but not essential capability.

Such degradation, while important, probably would not

prevent a favorable decision on the development of equip-

ment for the inventory to attain the capability desired..eceeee..0.4

Refinement of Capability

Achievement of this technology will result in some
refinement of the present capability. The desired
capability, however, could be achieved without this

effort....o...-........-.-.-.---o..--.....,.......................0.3

Indirect Contributions

Achievement of this technology will only be an indirect
contribution to the capability desired....c.ccccveveceieeenenees 0.2

Remote Association

This effort has only a remote association with the
capability desired....l.0........C.0.0..........D.l.l..........l‘Oll

NO Contributioncolo.c.cooolococ.cc.couololcn.ncocoaol.aooo.aoaoaoO.o

Source: Ref. 8.
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introduced without loss of effectiveness. For the illustrations in

Table 2, the initial operating capability dates, in calendar years,

are listed in the column titled "Systems IOC Cy.™

Consideration of the system IOC dates must feed back onto the
I.D. team choice of systems to be proposed. There would be little
point in proposing an "obsolete" system or a system that could not be
introduced before the effectiveness of the preceding system in the

force deteriorated significantly.

Subsequently, the I.D. team must estimate the dates by which
attainment of the technology objective is needed to support the system
IOC dates. The need dates depend upon the lag between the date the
technology is demonstrated in Exploratory Development and the date
it can finally be incorporated into actual production for procurement
in a new weapon system. In Table 2, Technology Objective 1 must be
demonstrated by 1976 at the earliest and 1977 at the latest to permit
Weapon System A IOC dates of 1981 or 1982.

In line with the I.D. team determinations, the technology team
estimates a time-phased budget for each weapon system application of
a technology objective, the pattern of annual funding set so that the
completion of the technology objective will match the latest need date
for that application. These are illustrated in Table 2 by the entries
F ., in the last rows of the table. For example, F

yJk 2Bl
of Technology Objective 1 that will be required in the second year to

is the funding

develop the technology objective in time to meet the 1978 need date
for Weapon System B.

In TORQUE the assumption is made that a technology objective is
not worth its full "utility" in a particular weapon system application
if it is completed outside the interval of its earliest and latest
need dates for that application. This assumption reflects two con-
siderations. If the technology objective is developed before the
early need date, the resources used in its development might have
been better used in some other effort. If the technology objective

is developed after the late need date, the effectiveness of the system
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it supports will have deteriorated. The analytical form of the

assumption used in TORQUE is the Timeliness Function, tEjk’ illus-
trated in Fig. 2.
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FIGURE 2. TORQUE Timeliness Function

\

The value of tijk depends basically upon the funding devoted to

the technology objective in the next year, F For any F an

1k’ 1k’
estimate is made of the completion date of the resulting development

program for the technology objective. In general, if F is less

than the first year funding in the time-phased budget oi?ginally
estimated by the technology team for the particular application,

Fijk’ the completion date will be set back from target date used by
the team. If Plk is greater than the first year funding in the team's

original budget, Pi the completion date will be moved forward from

jk?
the target. The completion date, in turn, is compared with the tech-
nology objective need dates specified for the particular weapon system

and the wvalue of ti. is then set according to the trapezoid-shaped

jk
relationship shown in Fig. 2.
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h. Risk. The formulation of TORQUE does not take into account
that the actual progress in technical performance, timing, or cost of
a development effort contributing to a technology objective may deviate
from the projections made of these variables at the time the allocation
of resources is made. The development process is treated, more or

less, as precisely predictable.

4, Constraints

In TORQUE the total budget made available to the program is the
principal consideration external to technology development that is
imposed upon the choice procedure. However, as explained in the
experimental test manuals (Ref. 8), the set of candidate weapon sys-
tems incorporated into the TORQUE choice framework is specified before-
hand, apparenfly on the basis of considerations outside those taken
directly into account in TORQUE. Consequently, the choice of systems
made by TORQUE in allocating resources to the Exploratory Development

program is also constrained.

5. Decision Algorithm

All of the factors and relationships that have been described are

components of the terms in the "utility function,"

F F
U=z =z ZZW.C..RFt..
K k K (j i1 ijk Fk ljk)
where U = total ™military utility," or overall

"utility function"

ui = "utility" of work on technology objective k when
funded at level Plk next year, the technology objective
"utility function"

wi = relative weight of operational capability objective i,

the basic measure of value
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Cijk = the "criticality" of technology objective k for weapon
system j when employed in operational capability
objective i

R, _ P

k T F
k
y y

Plk = dollar funding of work in technology objective k
next year, the control variable

Pyk = dollar funding of work in technology objective k
in year y

and tfjk = the timeliness function value for technology objective

k in system j applied to operational capability objec-

tive i when funded at F,, next year.

1k
As defined above, the utility function is composed of the sepa-
rate utility functions of the individual technology objectives. How-
ever, each of these technology objective utility functions is further
decomposable into more basic utility functions defined by the relation-
ship of the technology objective to a specific weapon system with the
funding, F variable. In each of these more basic utility functions,

1k’
. F
wi and Cijk are constants; RPk and ti.

jk

from 0 to 1 as Flk varies from 0 to 5 Pyk' However, tijk varies from

0 to 1 and back to 0 as F1k increases.

Consequently, the basic utility functions, technology objective

vary with Flk' RPk varies

utility functions, and the general "utility function" can be made
dependent, in the first instance, upon the quantity of funds spent
in the relevant part of the development program. A basic utility
function will generally have a single peak oOr maximum but the tech-
nology objective utility function, formed by aggregating basic

utility functions, may assume quite irregular shapes.

Besides being a component of the utility function the cost re-
lationship, which depicts the funding requirements of the progress on
a technology objective, is used separately in the choice procedure and
the budget tabulations of the algorithm.
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A very specific algorithm has been devised in TORQUE to determine
the distribution of the program budget among the candidate technology
objective tasks and work units. Basically, the algorithm tries to
take into account simultaneously the contributions of the technology
objectives to the utility function, the costs of the technology objec-
tive contribution to the utility function, and the owverall program

budget constraint.

To some extent, the algorithm resembles a Lagrangian multiplier
maximization technique in the solution to which the incremental con-
tribution of utility would be approximately the same from the expendi-
ture of the last dollar in each technology objective. In other words,
it attempts to allocate total available funds amdng the technology
objectives in such a way that any reallocation of funds among the
technology objectives would not increase the value of the utility
function. The algorithm performs the allocation in a sequential
fashion (described in the Appendix) assigning additional units of
funds to the various technology objectives in the order of descending
increments of utility per additional dollar expenditures within and

across all technology objectives.

6. Special Aspects

Following from the nature of the control variables and the cri-
teria considered in TORQUE, the resulting solution displays the total
funds that should be spent on each Exploratory Development project
task or work unit during the next program year. According to the

TORQUE manual, that solution could then be used in the followup exercise,
stepping up by one year the budget proposals of the technology team,

to determine similarly the "optimum" allocation of funds in the subse-
quent year. This procedure can be extended farther into the future

to generate a time-phased distribution of funds for Exploratory Devel-
opment, tracing out the later program impacts of the current and near-
term funding decisions.
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C. NAVAL ORDNANCE LABORATORY METHOD

In 1968, under a task from the Exploratory Development Division
of the Naval Material Command, the Naval Ordnance Laborétory under-
took to devise a method for planning the distribution of Exploratory
Development resources among the various technologies. The NOL study
built upon work already performed on the Navy Exploratory Development
Goals (EDGs) and the Navy Technological Forecast (NTF) to formulate
a quantitative system for planning the Exploratory Development pro-
gram (Ref. 13).

Like TORQUE, the NOL method is made up of relationships among a
nunber of factors, including military missions, weapon system con-
figurations, technology efforts, and costs. These relationships are
formulated into a mathematical model to which a formal decision
algorithm is applied to determine the desired allocation of develop-

ment resources among the various technologies.

1. Primary Objective of the Method

The primary objective of'the NOL method is to allocate the devel-
opment budget among the various technologies to produce the Explora-
tory Development program having the maximum value for future needs
of the Navy. Value and the future needs of the Navy have specific
meanings for the purposes of the method. These meanings are described

in some detail below.

2. Control Variables

In the NOL method, the principal control variable of the manager
is the quantity of funds that will be devoted to work in a particular
technology during the next budget year. As in TORQUE, however, the
funding exercises much broader second-order control over the types of
weapon systems that will be ultimately developed and the particular

missions that will be emphasized.
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3. Factors and their Relationships

The NOL method considers a number of factors in devising its
allocation of development resources among the technologies. These
factors are incorporated into relationships that the formulators
have devised to describe the interactions of the factors and, ulti-
mately, their effects in the real development process.

a. Value Measure. '"Value" is attributed to each technology

competing for funds in the method. However, the value of any tech-
nology is derived from the values attached to a set of factors that
is treated as more basic for development planning. For these pur-
poses, value is measured on an arbitrary scale, using a number system
to depict the relative rankings of the technologies and more basic
factors. The derivations are described more fully below under the
various factors that are taken into account and the overall synthesis
of the factors for determining the budget allocation.

b. Operational Requirements. A special hierarchy of missions

and functions is used in the NOL method to define its counterpart
concept to operational requirements. The three~level classification

scheme has the following structure:

A. Warfare Categories

1. Strategic
- 2., Conventional
3. Limited and Counterinsurgency

B. Target/Support Categories

1. Air Target

2. Sea and Land Surface Target

3. Undersea Target

4, Information Support

5. Logistics and Ancillary Support

C. Military Function Categories

1l. Command and Control

2. Target Data Collection
3. Counteraction

4, Mobility

5. Support
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An operational requirement is described in terms of a combination
of elements taken from these categories. For example, one might be
a close-support capability (military function) against sea and land

surface targets (target/support) in a conventional war (warfare).

Values of these operational requirements are synthesized from
weights assigned to each of the elements within the three categories.
These weights are determined through a polling procedure much like
that recommended in TORQUE, and also employing the concept of an
approximate measure of "utility" proposed by Churchman and Ackoff
(Ref. 12).

The value of an operational requirement can be represented in the
following fashion:

Yabe ~ “a"b:a"c:ab
where Wobe the value of an operational requirement composed
of military function ¢, target/support b,
warfare a
W, = the weight assigned to warfare category a, based
on its importance in supporting basic national
objectives in the time period under consideration
Wi.g © the weight assigned to target/support category b,
: based on its contribution to the objectives of
warfare type a
Wo.ap = the weight assigned to military function ¢, based

on its importance to target/support category b
in warfare type a.

c. Weapon Systems. Descriptions of weapon system capabilities

are contained in the Exploratory Development Goals (EDGs) employed in
the NOL method. Specifically, the EDGs describe the work that must

be done at the Exploratory Development level to satisfy the operational
requirements of future weapons and support systems. They translate

the broad and intentionally general statements made in long-range
planning documents into specific, quantitative terms that will facili-
tate planning of Exploratory Development programs responsive to Navy
needs. For example, the EDG for a surface close-support capability to
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be employed against sea and land surface targets will describe with
some precision several quantitative performance measures, including
the required CEP, the delivery range, and damage criteria. (Ref. 13,
po ‘2-2)-

In turn, the EDG is assigned a weight in a manner similar to that
already described for the operational requirements above, based upon
its "importance'" (relative to other EDGs) to the military function

:abe?
"military worth" (value) of EDG j can be represented in the following

it serves. If this weight for EDG j is designated wj the

way.

W = the "military worth" of EDG j

j = wj:abcwabc

d. Technologies. Basic technologies are spelled out in some

detail in the NOL method. The areas of technology devised for the
Navy Technological Forecast have been adopted for these purposes.

Each technology is depicted in terms of a "pacing parameter." A
pacing parameter is generally a measure that has been devised to com-
municate readily an operational feature of a technology. For example,
within rocket propulsion technology, the specific impulse of a rocket

propellant measures the impulse that can be theoretically generated
from the reaction of that specific combination of a fuel and oxidizer.
It is stated in terms of the number of seconds over which one pound

of the propellant will generate one pound of thrust.

Technologies are linked to the EDGs in two steps. First, a
general functional analysis is made of each weapon system described
in the EDGs. Second, expert judgment is applied to devising the tech-
nological content of each general functional area, in terms of the
areas of technology contained in the Navy Technological Forecast.

Once the linkages between the technologies and EDGs are estab-
lished, the expert judgment is used again to establish the "utility"
of each technology to each EDG. In this case, utility is intended to

be a measure of the relevance of the effort required to advance the
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technology to satisfy the EDG, The expert (1) "predicts" whether
the state of the technology (the pacing parameter) will be adequate
to meet the functional requirements, (2) assigns numerical values to
describe the conditions of adequacy, and (3) "™ormalizes™ these
values for each EDG to show the relative importance of work in each
technology for the EDG.

The numerical values that describe the adequacy of a technology's
pacing parameter to the functional requirement of an EDG are called
"relevance numbers." These are denoted by T30 the adequacy of tech-

nology i for the functional requirements of EDG j.
rij = 4, if the forecast state of technology i is less than
required for EDG j,

= 2, if the forecast state of technology i equals that

required for EDG j,

= 1, if the forecast state of technology i exceeds that
required for EDG j,

= 0, if technology i is not related to EDG j.

Finally, the "utility" of technology i to EDG j is derived by
normalizing the relevance numbers of the various technologies that

apply to that EDG.

u,. = 1 = the utility of technology i to EDG j.

e. Development Tasks. The NOL method does not explicitly deal

~with the different combinations of manpower and equipment or the
different approaches that might be used to advance the pacing param-
eter of a technology. However, it does contain a rudimentary concept
of the development task insofar as it admits that the pacing parameter
can be pushed to different levels, depending upon the effort expended

on the pacing parameter.
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f. Costs. Cost components and cost estimating techniques are
not treated in detail in the formulation of the NOL method. The
general approach adopted relates the funding of a technology to the
progress that would be made in the pacing parameter of that technology
over the funded time period, without regard to the actual resources
employed.

To describe this relationship, an "Index of Advance™ has been
devised for each technology. Basically, this index measures the
progress that would be made in the pacing parameter of the technology
under different funding levels during the next budget year relative
to the theoretical maximum progress that would be made if unlimited
funds were available.

Advance in parameter i during plan time with funding Xi

(IA)i(Xi) ~ ®dvance in parameter i during plan time with no fund limit

An exponential approximation to this empirical relationship is
used in the NOL method.

(TR), (X)) =1 .- e Xi/Pi

An illustration of an index of advance is shown in Fig. 3 along
with the exponential approximation. To follow the example cited
above, the index might be taken to show the specific impulses that
might be developed in new propellants resulting from different levels
of expenditures on Exploratory Development in this technology rela-
tive to the specific impulse that might be attained with unlimited

 expenditures in the technology.

g. Timing. The timing of the EDGs and the development efforts
that must be performed for their fulfillment are not treated explicitly
in the NOL method. Consideration of calendar and elapsed time must be
assumed to be made with the specification of the EDGs, their func-
tional analyses, and technological links. The most direct reference
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to time is contained in the index of advance, which measures the
progress that will be made in a particular pacing parameter within the
following budget year as a result of the funding that will be devoted
to that parameter during the same time.
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TYPICAL VARIATION OF TECHNOLOGICAL
ADVANCE WITH FUNDING IN A FIXED
TIME PERIOD

X, = Dollar expenditure on technology i in next year

D, = The dollar expenditure on technology i in the next

year that would result in the pacing parameter

progressing to a level 63% of the total progress
possible with unlimited funding.

FIGURE 3. Simulation of a Typical Index of Advance Curve Using an
Exponential Function

h. Risk. No explicit consideration is given to the possible
deviations that might occur between the projected quantities and actual
outcomes of the pacing parameters, costs and time requirements of the
development effort depicted in the NOL method.

4, Constraints

The principal constraint considered in the formulation of the NOL
method is the maximum total budget that will be available to be spent
on the relevant development effort over the next funding year.
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5. Decision Algorithm

The components of the analysis in the NOL method, described above,
are integrated into a "Payoff Function" that measures the value of any
distribution of funds among the technologies, subject to a budget

constraint.

P(X) = T (T, (TR) (%;)

; Xi < C

i

where P(X) = the total Payoff or "Value,"
(IW)i = the "Index of Worth" of technology i,
= T W.u,.
- i
j J 13

wj = the "Military Worth" of EDG j,

uij = the "Utility" of technology i to EDG j.

(IA)i(Xi) = the "Index of Advance" of technology i, a
function of Xi,

Xi .= the amount of funds allocated to Exploratory
Development in technology i, during the next
planning year,

C = the total budget available for Exploratory

Development during the next planning year.

To determine the allocation of funds among the various tech-
nologies that has the maximum value for Navy needs, the NOL method
applies an algorithm resembling a Lagrangian multiplier maximization
technique to the payoff function and budget constraint. Consequently,
the distribution of funds is determined in a way that the last dollar
increment allotted to a technology in the Exploratory Development pro-
gram generates the same increment in the payoff function as the last
dollar increment alloted to any other techneclogy.

40




D. AIR FORCE FLIGHT DYNAMICS LABORATORY METHOD

Beginning in 1962, the planning staff at the Air Force Flight
Dynamics Laboratory (FDL) developed a quantitative method to assist
in allocating the Lab's Exploratory Development budget among the pro-
posed tasks. 1In its formulation, the staff has incorporated a number
of factors and analytical features to establish the value of the
various tasks. The approach imputes these wvalues both through the
weapons systems that the tasks might eventually support and through
a set of more basic technical goals that are not directly associated

with projected weapons systems.

Originally, the value estimates were incorporated into a linear
programming model through which the desired allocation of the budget
among the tasks was derived. According to reports on the method,
experimental solutions were obtained shortly after the formulation
work began and, with additional development, solutions have been
derived for a wide range of management problems. (Refs. 14, 15)

Interestingly enough, the Air Force Flight Dynamics Laboratory
was the site of the principal trial that has been run on the TORQUE
allocation method.

1. Primary Objective of the Method

The primary objective of the FDL method is to choose the levels
of effort that should be expended upon the different proposed Explora-
tory Development tasks to produce the maximum military value to the
Air Force. The definition of military value and its measurement for

each task are treated in detail below.

2. Control Variables

The principal control variables in the FDL method are the various
amounts of resoufces, dollars, and types of engineering manpower that
are to be devoted to each Exploratory Development task. These re-
sources are treated in packages of discrete quantities that can be
applied to each task, but linear combinations of these discrete quanti-

ties are also admissible.
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3. Factors and Their Relationships

a. Value Measure. Like TORQUE and the NOL method, the FDL
method employs the Churchman-Ackoff approximate measure of value as
its basic value concept (Ref. 12). In this particular application,
the measure is used as a quantitative expression of the "effective-
ness" of the various development tasks. Rankings of technological,

timing, and mission factors, based on various criteria, are trans-
formed through a judgmental process into numbers that depict, on a
continuous scale, the value of the tasks to the ARir Force in its

role supporting national objectives.

b. Operational Requirements. The formulators of the FDL method

used the following scheme of wars and operations to define the perti-

nent operational requirements of the Air Force.

Wars

General

Limited

Cold
Operations

Combat
Reconnaissance
Logistics
Show of Force
A particular operation in the context of a single type of war is

treated as a separate mission or operational requirement.

The Churchman-Ackoff procedure is employed to establish the
value of an operational requirement for the purposes of Exploratory
Development. The number associated with operation type j in war type
i, wij’ indicates the relative technological improwvement that is needed

to support that type of operation in the specific war context.

c. Weapon Systems. The range of weapon systems considered in

the FDL method consists of the future conceptual Air Force flight
vehicle systems proposed in the Air Force Systems Command Long-Range
Technological War Plan. A value is assigned to each weapon system
corresponding to the support it should provide each mission relative
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to the other weapon systems. These values, R?j’ reflecting the rela-
tive contribution of system m to the ij mission, are derived by the
same Churchman-Ackoff approximate value procedure. In turn, the sys-
tem mission values are combined to form an overall system value.

S =3zI% w..R'. = the raw value of system m
m i3 1j71ij

where wij equals the mission values described above.

Finally, the system values are normalized so that

z Sm = 1.
m

d. Technologies. The technological composition of each weapon
system is specified and connected to the technological accomplishments

that are sought in the specific Exploratory Development tasks proposed
for the FDL program. The connection is quantified in the applica-
bility factor, Dnm’ which ranges from 0.1 to 1.0 depicting the appli-
cability of the technology in task n to weapon system m.

However, in addition to the weapon-systems-oriented path to the
valuation of a development task described above, the FDL method in-
cludes a technology-oriented valuation scheme as well. Technical
goals, defined in the Research and Technology Long-Range Plan, are
related directly to the various missions without reference to any
weapon systems in which they eventually might be embodied. A tech-
nical goal, k, is assigned a value Gij’ reflecting its contribution
to fulfillment of the ij mission relative to the contributions of
other technical goals to that mission. These values are combined to

devise an overall value for the technical goal.

o w Gk = T, = the overall value of technical goal Kk,

i3 1j 1] k

where wij is the mission values described above.
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e. Development Task. The development task is the basic work

unit that is used in the FDL method for programming the Exploratory
Development effort of the Laboratory. Each task is characterized
primarily in terms of the particular aspect of technology to whose
development it is directed. The final product at which it is aimed
is a fairly well-defined technology objective.

Progress of a task is measured by the responsible task engineer's
assignment of a value to a descriptive variable designated the confi-
dence level. For a particular development task, n, the confidence
level, (CL)n, may assume a value ranging from 0.1 to 1.0 in 10 dis-
crete units. In this range, the value 1.0 indicates the fulfillment

of the task's technology objective.

From another viewpoint, the individual development task is also
described in terms of the funding rates and the amounts of in-house
and contract engineers that should be devoted to it to achieve differ-

ent levels of (CL)rl within different time frames.

Each development task is related specifically to each proposed
weapon system and each technical goal. This relationship is dep<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>